Y DRONATT T O

ap 134A3s5a

S, Incorporated

THCHNLCAT, REPORT 1103 -2

HYDRONAUTICS, incorporated

research in hydrodynamics

A STUDY OF "THIY NONT.INIAR WAVIS

RIS TSTANCH OF A TWO-DIMENSTONAT,
SOURCE GENERATEID BOLY

13y

Gedeon Dngan

February 199

This document has been approved for rublic
relea:s and cale; 1t distributlon 3. unlimited.

Prepared fcv

Oftice ot Naval ecearch
Department of the Navy
unde:

Contract No, NCoo 14 -71-C-0080
NR 06 =000



TECHNICAL REPORT 7103-2

A STUDY OF THE NONLINEAR .. AVE
. RESISTANCE OF A TWO-~DIMENSIONAL.
.+ . -SOURCE GENERATED BODY

By

\fGedepﬁ_Dagan"

Tebruary 1972

Th*s document has. been approved fop rublic‘
release and sale, ito,dLSt ibution 1s ,unlimited

*-ruPrepared Tov
Ofiice of"Naval Kjarch
Department of the Navy
L.bunder : -
ontvact ‘No, NOH014 71*0 0080
NR Ob ~£OQ T




HYDRONAUTICS, Incorporated

ABSTRACT

TABLE OF CONTENTS

I. INTRODUCTION . . . . . .

II. ° EQUATIONS AND BOUNDARY CONDITIONS

THE TFREE WAVES BEHIND A SOURCE DISTRIBUTION

1.
2.

3

4.

First order solution . . . « .« + « v o v v « 4
Second order body correction . . . . . . 0 v .
Second order free-surface correction . . . . . .
Asymptotic expansions for the free waves amplitude

Free-waves behind an arbitrary source distribution

WAVE RESISTANCE

Gencral formulation . . .
The isolated source . . .
The influence of the fineness of the leading edge shape

Interference effects: the source-sink body . o

V. DISCUSSION QF RESULTS AND CONCLUSIONS v v « v v v v v

VI, APPENDIX - ‘The properties of the function w(z)

REFERENGLES '« v v v o 0 v 0 @ v s




HYDRONAUTICS, Incorporated

LIST OF FIGURES

Figure 1 - A distribution of sources

Figure 2 - Wave resistance of a body of semi-infinite Igngfh

Figure 3 - Wave resistance of a source-sink body

s EY iy s




HYPRONAUTICS, Incorporated s .. .

SN

i D'/0. 50U 127"

= Q§ZPU12LI

I

)

;UII

“- “NOTATION

amplitude of free waves

<

<" ‘coefficients of the free-waves resulting from the

second order free-surface correction

daSjahbve for the body correction

- “Luler constant

drag coefficient .

“drag cocfficient

ydve resistance (D = D'g/pU'")

first order wave resistance

SOLOlld order \ulVC‘ I‘CSlbtdnCC

wave resistance resultiug from second order -
- free- surface and body ﬁftects, rpspectivcly

proncntial~intoyral

::conplcx potentxhl (f s f yin'3)

ﬁ-r -dud seuond ordor complex potontials respnctiwelv

: accoleratiou ax prav1ty

“depth of suhmersiou th = R p/U'g)
dxstunce hetwccn the sources J and K (l = 2‘ /U'*)

tarebody or body lcngth (L = l’g/U""f»

'socond srder prcgsurq :

strength of source j

thicknoss

thichness change -at source j ©
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- iv -
t = '/h! - thickness (dimensionless with respect to h')
x',y' - cartesian coordinates (x,y = x'g/U'2, y'g/u'?)
z' = x' + iy' - complex variable (z = z'g/U'?)
u',vt - velocity-components (u = u'/uU', v = v'/u")
ur - unperturbed“Velocity
w' = u' - iv'. - complex velocity (w = w'/U")
@ - real part of w )
B - imaginary part of w
Yoo o- auxiliary function
62 - auxiliary function

wy

nt

w(g) = e CEilig)

strength of source j (dimensionless)

slenderness parameter

_potential (¢ = ¢'g/U'3)

auxiliary function

stream function (v = APTATAL) R

- complex variable -
“freoc-surface vicvation (n = n'g/U?)
“function associated with waves.

_ complex variables .
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ABSTRACT

N The second order wave resistance of an arbitrary distribution of sources,
' representing a thin symmetrical two-dimensional body, is derived in a closed

analytical form.

The result is applied to a few shapes: an isolated source representing
- semi-infinite blunt body, an open body with a leading edge of a fine shape and
‘a closed body generated by a source and a sink. In each case the first order
vave resistance as well as the hody and free-surface second order corrections

arc derived scparately.

-~ The relevance of the results to ship wave resistance is discussed in

qualitative terms,
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. I. INTRODUCTION

The wave resistance of bodies moving beneath or at a free-surface is
generally computed by linearizing the equations of flow, i.e. by assuming that
the body is thin or slender. This way the free-surface condition is linearized
(- and the body is replaced by a distribution of singularities of known strength.

Till recently only the first order wave resistance has been computed in

. most cases. Nonlinear effects associated with the body condition have been

é% ‘ investigated by llavelock (1920) and Giesing and Smith (1971) for two-dimensional
1 | flows and by Gadd (1970)and others for three-dinensional flows past ships.~ In
all these works the free-surface condition has been kept in its first order
version. The procedure is not consistent in principle because body and free-

~surface cffects are of the same order of magnitude, in an asymptotic seuse at
'easts ' I ' N | | |

H

A complote socqu ordcr numericnl gomputatton of the wave. xeaistance has -
',{béan carried out by 1 uch - (1965). in the case of n suhmergod cylinder. The free-
isuifaco'correction'turhbd'out to'hé lﬂrger thun the hody correction in this.
-fcaso. ha&an (lﬂ?l) has shoun that as the cy) .ndcr appz@aahes the” frec‘surfaco.
" nonlinear effects have: to be ‘incerporated nlrendy in. the £irst ardor approxi-

T o e T T

f{'matxon. 6&1veson (1060) haa deterﬁ;ned numur;ually the socoué order>hnve _
resistnuuo of a auhnergod aynnetricaz hydrofoil. Tﬁe body correation appenrod
'-jto be the largest in this case, upynx@ﬂtly because of the inportunt role playad

_ t” by the nxruulation assvcxated blth the hﬂttﬁ*JUVkﬂV&LV uondition at the =
. _tralling edgu.r ' '

T ——

1hc cewputatxun of tnc'noulineur wave resxstance for. tuo»dimunsiau&l _
- bodies is of o limited interess ia applications.. }n Fact, the main purpase ot

S SR 3thc works mentioned so far was to draw conclusiuﬂs on ahip udVe resistance fron - -
. i; ~'?A\; R the two-diceasional results, at least on a qualitatxvc basis. ‘The tuo«d;mcnsxonal,'
i GO _Solutxon is conbxdcrahly samplur than that of thrne*dluenaxondl flow aid it is
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worthwhile, therefore, to explore first the two-dimensional case in order to
acquire insight in°  the problem and experience in handling the mathematical
difficulties. '

‘The present work, dealing with the oo resistance of 1 two-dimensional
source generated body, is a continuation of Tuck and Salvesen works, but
differ from them in: (i) the solution is carried out for bodies of arbitrary.
thickness distribution rather than particular cases, (ii) the second order
wave resistance is obtained in a closed analytical form, rather than by tedicus
numerical computations,such that a geneval analysis of the results is possible,
and (iii) the wave resistance is computed for two-dimensional hodies rcscmblzrg
ahxps.,i e, elon5at;d bodies of a ¥ine form and without civculation. ‘The =
_Lylinder has an eatremely blunt shape and. in the case of the hydrofoil the
' contr;butxon of the cxrculatxon has no three- uimonsional counterpart.r '

11, iﬁ:éqym-mf;s;ueo BOURDARY CONDITIONS -

hc uensxde. a disnr@te distrihu:xon of. a@trcesfo?°§t§angth'rqj tig.- ).ﬂ

-Plauated ag ' e Pt 0 (Jel..,...,a) “The sources are assused to be at - ‘ 
the - Sk olevatxan heuausc any thin hody u:th@ut u;r tation degcuern:e% dneo

such a uxstrahntion._ Ie. is quite oasy, haaever,_to eatend the uppr@auh pre*-? o
Hsontud here o auV'dx¢tr1hution at souraea or. cher sxngularitxes. '

he uaku the Variables dimansiaul@¢s as tualaws
X x‘glﬁﬁg.f _y_e_y!KIU'z.,"z:s_xtiy,éfa'g[Uf?,f?:-ﬂ!irn’giu‘é';-'

- v
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where f' is the complex potential, w' is the complex velocity, h' the
submergeance depth, U' the unperturbed velocity and n' the free-surface
elevation (Fig. 1). |

If we relate q5 to the change in the thickness T; of a hody moving
in an infinite flow domain, then ' o

€ °-1,‘3:r.1;'.~. - o o (2)
£ and W -ave wow expanded in asymptotic series

11

i"-A 3 3¢ fx + f »2...' - S o - 3)

P TN SN TS

}xl..ki? a,6(22). 5th9sth¢ing~th¢ only térﬁi;;-

‘;‘{ ) ast;sfv thé_?ﬁ!iuwlng];j '

| SR
_ 1h@ anainlual iunxtions i,(:)]>aud
. Hneariz et trc -surfice conditions {se¢e, for instance, Wohausen and Laitone, -

o 5f’bxgec)

PR

et e ifj}fﬁg _5_(x;z'é-'n”‘.; Cvemy sy

8 retit! o ) - p (a: . x_ﬁu.} :
‘.“‘K o » e ] P E

Cand the radiation: comdition

H

e froe-surface clevation e a e s ... in pivens by

O T P T ¢ TR




HYDRONAUTICS, Incorporated
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1. \2 ’ L . o
ey = RS e : EEOR

The body condition reuuces to the requirement that at anmy order the thick-
ness change at. the source j 1 cqual-to _Tg.';At'second brd9r~ye,Athergfbre, L

_stipulate

€. - . : o -
] ~—.J— - 5 3 ’ '_ = . . i . .
f=2z4+ 5 en(z xj) + Q(g ). ez ij[ €5 - (10)
The purpose of the following Seciiqns is to determine~thf wave resistance>

of the source -distribution.

II1I. -THE FREE WAVES BEHIND. A SOURCE DISTRIBUTION

“To compute the wave reslstance we nead only the expression of the free
“waves trailing far behind the body Moreover, the solution for a pair of
sourccs may he easily extended to an arbitrary number of 51n&ular1ties For
A fft!o ke of simplicity we carry out flrst the analysis for two sources, say
L ,of strength &j “and - X located at xJ -and- k’ respectlvely

| _1, First order solution

The fivst order solution is well known (uehausen ‘and Laitone, ,960)‘

o }dnd is’ leon hore for »onvcnionce of reiorenco

P S TR S TSN
fjk_f S Qq(é-xj) + oo gn(z xk) f_Zﬂ ﬂnLg-xj-zih) +
gy ‘ & ®k \ R :

-1'*'5;’“0(3‘xki2f") ’,5" Q(z-xj<2ih)r-.é;vw(;ka-2§h)  »‘4v1: (;1)-.
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[

S N k1
| K 2n 2z~ XJT21h 2n z- xk—th
e, . ir.k SR
« - ol x3-21h) + m((-xk-21h) (12

€,
wI .31

ij 2% z-X.

. K
2% z2-X

The furction v defiq_eq as o o

iA

. . ) “ ‘ ‘_ ) - - - *‘v. C ) - .:‘»»- . s, “ .‘\? -.'_> )
; A »w(c) &+ 1B = e lcil(lc) ' _?“ f~»3——AgA;; o RS € ) I

A

.V‘N>>.V

_fepresents the trailing singularities associated with the free waves. The =
properties. of w(g), which will he’cXtCnsively¢u§edfin-thc:seqnéi; are

. discuSSed in Appendix.
. The far downstrcam potentlal is obtaincd by expand1ng (11) (see Lq. (65))

, I A: | -1(2 X. 21h) :_; _-1(z-xk 21h)
gl " )
d

- and the‘fruc}waves proflle (by Lq (8)) 1s glven by

A ix, o ix L
f;mKﬁZi)efJ(eie '? t:gke k) ?1%]=A.:,.; Ty

H

- L
»'TJK(X)~;

]

wam sy

2. Second order body correctxon

. The velocity 1nduced at zv= J by the various torms of (12),_;
excepting the first term- representxng the source j itsqlf, is
B N SR N Y
gk T2m zex 2n Zih 21 xJ xk Zn X=Xy Ziﬁ
L - J: i

3.
|
¥

: .* A..). m( Zih) + »-—ls- (u(x =X -21}\) - (1())

-ZiéJ e ‘? ,  -;-vg§s¥ ;"1 ; :\:L‘ 5"} (x> m? :  :;.(142~:ff;$ "

-h L ‘. ‘ . - : " » . N
2°-:[(?j9°s‘fj+?k“9§;§k)9fﬁ-§“+.F?j31f~xjf€k$i“5§k}5*? x] : }
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-We. assume in the sequel that :xJ is an 1ncreaszng sequence ard that

k> "jo With &, =.x, -Xx, >0 - bec.onxes
T ko Tk ,J s J_ ,
‘ e, > ie, : ie
=_l._1,_ .l\._L Ko oL -2 SIS
v 2w .21 h 2 2t 2 +21ih ﬂ~w( 2ih) + T w( g'jk 2ih)
5k jk : o :
}-Byhthe same token, the v»locxty induced at vxj, is e
€ € 'e I ' AA‘Sie. i '
= NE.NL_ .30 SR k i)+ —d (8 .y -2i
R R T FUNE TR T k-21h = “(‘21“)_* - wlkjg-2ih)

.- the vicinity of the source j ‘hy superimposing on the original source an

- - additional source of strength . €54 /21 =70{e?) and a vertical doublet of

R T R Ty T L e - S S e
R T TR

an -

.: (1_8) | er kS

" To satisfy the body coudition (10) we have to cancéi” “5~ and Yj (16)‘in

’ ~strength -e§v lzw = 0(e3). Since we limit: the present computatxons to second

" order effects, we may dlsregard at- thlS stage- the doublets and- con51der the

pd

-ﬂsources solely.

o {~The_stt¢ngth bf,fhe:addi;ional_squrqefattnxj!‘iS, therefore,.giyeﬁ oy
;. as. o | . ~' R
BT o oy
o _‘JZ .. 7 2% +4hZ. T # “jks v
T o Jk ke S
AT while at ik through. (18) #nd'(oﬂa wehave T Tt
dl“k“kd~'fﬁ ‘(_2 o2hy ilfk,[ L. | o, zs(-z | -2$)—4né;2h 0s 2..] (20)
2 CFe ) _'4“7f'2jk Zik*dhy TR R

.‘The expression of the streamfunctlon, assocxated with the two sources, far
downstream,is easxly found from (14), (10) and (20) as follows :

ix, o ix, ix
IIb(x h) = Im e 1x{(a’e J+r CE )xu toege [(o ‘-0 K)iﬁb,~
J , k ik
‘ . ix o
L kK ..bh . :
; T e Tigd

an

119)w~v 4

e
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"~ where, for brovity, the following nbtaffons"have been used
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where the superscript b - stands for‘body correctlons and the coeff1u1ents in

(21) have the following expresszons'”

Tl b ' -3}1_

=
3
N
K1)

e

. <. “4n2 ) o :

L _=A:4ef3hcossz
-3k L

x fepresents the interaction between-the local terns of the two.sources and

. tends to zero like l[zjk ) while‘_I?k, represents-thé'interaction between the

“free waves trailing behind source —j 'and_the"disturbance;of'source k.

. - 3,. Second order free-surface correction

- The free waves related to thie free-surface correction are genérated

by the lincarized pressure p;F(X)"ofiﬁd-f(ﬁ)- In the case of a pair of sources
'P;I can be written as follows - ’ ‘ : o

SR SRR TR SN ki O S e
p_jk(x) Y TP T Pt 4‘3}’2“ ij‘ ' o (@sy-

- the different terms rosultlng from tho subqtltut1on of the real and imaginary

parts of w? and wI

ik ik, é (12) 1nto (16). Larrying out the substitution we

L obtain, for.insthnce, . N - ' T ' . '

pjkﬁx;xj,xk,h) 4[ %50 BJBR YJYk+Ylak+vka +6j8 +GkBj+ijk*kaj] | (26)

S

. = o N

ay = a(x-xg,-h) 82 B(x- X, -h) "YZ (x-izj?:ﬁi

) . 2h(x=x) B X=X, o ' o
T TG R Gy G ene

- - S . LN . e T ) . TN
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'p ik is the pressure resulting from the nonlinear interaction between the

veloc1ty components ‘induced by the two sources, while p (or ﬁkk) stems

i
- from thg velocity of the same source j (or k). It is readily seen that

p..(x;x,,h) " lim
yj (x3%y,h)

,'gkk(xi;k.hl

It turns out, therefore, that it is sufficient to determine the free waves

generated by the pressure distribution ﬁjk and to take the limits afterwards.

The complex potential representing the flow generaled by ﬁjk is
(Wehausen and Laitone, 1960) '

ka - % i jc(35%p2%j0h) w(z-s-1h)ds (29)
If pjk 4 as a function of s , is absolutely integrable in the infinite inter-

valf w may be expanded for large x under the integral sign of (29). pjk is
.not integrable as it stays because of the first two terms of (26). We arc going

‘to integrate these terms first to eliminate this difficulty. By using integration -
by parts and (66), (67) we obtain | '

o]

e -i [aj(ssxj,h)ak(s;xk.h) + Bj(S;Xj,h)Bk(s;xk,h)]w(x—s)ds =

= -lﬁnze'Zh

i : -
coszjk,- Im ;--i 41(ijk*vjBk+ukxj+akxj)m(x-s)ds _ (30)

After this first integration the pressurc is integrable and by expandxng m(x-s)
- for x + o (Lq. 65) we- obtain for large X :

N
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- - a - 2 -2h Tem - “iX 2. s " : . ;
ik lon%e cost;y + In §§, _i [;(gjyk+xisk+ajg§+ukxj)

wjk = Im.f

. y N A ) is »
- Yj"Yk +~Yj°‘k + Ykaj o+ ijk + Gkﬁ-j +‘ ijk + kaj]e; ¢s (x+=}  (31)
"The integration of the various terms of (31) may be carried out by using :
the representations of “gtiBz- given in Appendix (63). WQ§hgve, for instance,
f°° (v, +B.x o 5d -- fw[xm fw e # 16% | (32)
A e A A L

J

. is © W e'ip is.
_i i(Bij+qjxk)e ds =i [ [Ro év (s-o-xj-ih)(s~xk*ib) dole dS  IR

.o .l

. and by using'also (67)

elD

o , - o :
is
B8 e ds @ (B e ds e N
f j X f YL | ) _£1 £ G,
:ijYkﬁisds : f'f:i o "1'1f;;(34)¢;j -

, Using ‘the rcsxduo and the scmirebidue theoroms and ‘the dofini*zons of a g
3 and 8 (63) we arrive aftor 1nterrut1on in (oé) to the final oxprossian of WJ%

L

- by 1

k(x ") = suo” ‘m e 1x((% 740 )(zniﬂ * %3 . u(-t KO o

ey, v e e -1xj"{ ;
R T -‘i}"‘,ﬂn‘?}_:; :“"

' + 8( "jk ) s "L(-Rjk -2M + z"w(-z-;w T\ﬁ"!‘)} -

:-i.i j ) S i

F(c : k+20 | jk)} 16“20 nh“”hljk ,,ifﬁﬁw) : (35}f 

- e2wie

VIR TR YRy dds v
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w e Jand wkk are ootalned from ka by taking the limit ij + 0

- ‘5('Eqs £28)).. ~Carrying out the computations and using the properties of the
functions q and B (69), yields the following final expression for the

streamfmgtmn far downstream

el 3 ix, ix ix, ix
’w!:l?::‘l‘mve lvx{(e§e J+eﬁe k) (A3+iB%) + ejck[(e Jee
: S j<k

(s 1S .08 2..2\nS Xt
1(Ijk+u\jk)]} + (ej*ek)G + ejekb cm‘.f?.jk
: (x-+)
where

Y 1, phige o 1
o (4 2h e g4 € - 2077 EL(20) .-rm]

-2h

2 % R
jktz +4hz)’

+8(£ 0)49[{(2

ik,” ?{‘? "

jk-
}Li‘h)cos zjk .

2h

)siu j_L 1

20""‘%‘

' "'};..f'-‘ﬁa‘e‘su;iorsex"ipt;_;,.s' sthx_i&s for f‘ree-stirf-&cc corrections, € - 0.5772 ... in
-__}_:'(37) is the [ uib‘i@'-f:«:uﬂstant 'amd" Fi(2h) - in G is tiw--”exponcntial-ihtograi. .
G 'lhe ﬁwt torm in (35), associated with :\ .md p® ', represents the free I
. vaves renom\tmﬂ by the interaction between the different components of the

. _ ve_;mej,ty -qf t};g ’5"?“‘“-?‘:;5,\59“",,““ while the rcmn;xtil1§ tern, -in ':jek'- r,_.xsr;relau._d L
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to the interaction between the two sources. The last term, in GS, is the

nonperiodic D.C. term which does not contribute to the wav. resistance.

4. Asymptotic expansions for the free waves amplitude

The amplitude and the phase of the free waves depend entirely on
ej, €y s xj, X and the coefficicnts of (363-(42). Since we have found closed
analytical expressions for these coefficients it is easy to study their behavior
for large and small Froude mmbers.

Small Froude number. We consider the limit h = h'g/U'? » «» for a fixed
a1 = ht/o? s , ' 12 ©
ratio h/zjk h lzjk » l.e. we let also Ejk 2 ljkg/U +> o,

Under tha. ‘imit the amplitude of the first order waves (15) aI is

O(EQ“h). The amplitude of the waves result;u& from the body correction (22-24)

Ilb' is Qe 20 lzjk) or O(c?e Sll). Finally, the largest possible amplxtude
- of the wavos associatod with the free-surface correction alls: stens from A°
'*vt(37) and is: 0(&20 zn h)- ‘Henee, l In’/n = 0(‘/2jk) or O(ee 2“) nnd '
all8/y! = 0(etn . IR |

&inco e is thc inversu of the thiuknesa !roudo number, the sxngular :

'v'[;bohnvior of tho “oo waves for h xy found in prcvxous works (Salveseu 1969,

‘7fiDagau 1071) is validatcd Horoover. the order of magn;tudo of atls

}'f5U' *0 is exactly found " lls/a A in U'/U'2

I

/a 'fopg;

This point is discusscd in morc detail in the analysxs ot tho wave rosistauce o

- ;;ff (Scction ). -

N Larye Froude number. nith h u:# “‘jk and _bgi‘a 0(1) we
J;.obtnxn from (la), 123) and (33) or (40) for tho largost posaihio amplxtudu& -

al s om | a“',’? s . 9(.:’-*/&_3,;) :

%;’?;k’.;,é“Q a

. “Honce the ratio' Wt s of orde e ik-’ 1'/& at most tho lattor
o bning a fxxed (buncrallv »mall) uumbur tor a Livcn body '
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5. Free waves behind an arbitrary source distribution

For an arbitrary distribution of n sources of strength € located

at x = X ¥ = 0 (#2=1,2,...,n) we obtain from (15), (21) and (36)
T ! ix.
m[(-2ie e T ce J)

je1

n ix. s b

Ve2 o JAS+i(87+8%)) +

=1 J
j=
nil ? ixj ixk s ixj 1x

) €., [(¢ Tee YT, + (e “-e )i(l N ) +

jal kajel 9 ik Jk Tk

ix n-l- n

e i ?k HIS K IR 6S( X R 2 [ 1 ejecost, k) (45)

wIIb . wIIs = In e-lx{

j=1 j=l. k=j+1

- where the coofficients of (45) are given in (22-24) and‘(37743).

©. IV, THE WAVE RESISTANCE -

: 1. General tormulation

The wave re%istanco nay be dotﬁrmincd for instanco. from i momﬁntum
balanco botwceu tuwo vertical scctxons fnr ahend und bohind tho hody ' '

: ;,with tho froe waves. profilo (8,9) givon by
W "*"l'll R L 11

S T P | :
0 (X) 3 v e gEon . ¢ 0 %
' (x) = n STeeE ﬂv& 05 Xy i’bxn x) 7 uonst

. the wave resistance at second ordur (Snlvcsch.'laﬁg) js~givcn'hy. _
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wIZ 12
+ o,
I II cOos 1 .1 11 I
b=D"+ D 40 = "°“‘7f*izgl * 7 Weosleos * Vsin? 51n) + 0(e")  (48)
In (46), (47) and (48) wcos ;1n’ wcos and w;;n represent the periodical

sin x .ad cos x terms of (44) and (45), respectively, while ¢ Ins stands for

t
the lagt tern of (45). wII is exactly canceled in (47) by the constant part

const ,
of nx such that the average free surface elevation is equal to h for x + o,
The dimensionless drag in (48) is defined as D = D'g/oU'™, Using Eqs. (44)

and (45) and substituting in (48), we obtain after some manipulations

1 -2n OO0 '
Dt =e¢ }‘ ) €€, COS &, - (49)
jer ks IR TR - -
. | noon
: u;l = nllh,4 n*ls,g;-o’h{ y ; €. gk{A sxnz + (B ge) )COSﬁjkl
: , - : )al knl J SRR

-§? nil '§ o R

+ ' ek lL (sinﬁ +sin£ )t(L o )(cosa -cos8 ) T
xal j a1 L‘J.l n j k k Wk’ jk jk | m) | @&i .

. (ljk l\)s.oz,'-‘, L, )L sing }]} | “3,72 }é:_if  1:L¥?;'5 %'7?ﬂ7‘§°?i{i;ny‘;€f

R kqs. (49) and (on) pivo in a Llﬁﬁbd inrm the first and sccond ordnr wavo L
ilb R

"f';,rusistancu. ruspoctxvoly. -for an arbxtrarv 3ournc distrihutxon.-_ nnd D.-U,{;- S

’ l;thc noulinoar tody and froc surfaco eontrihntions, tky. be computcd separately

--°-*b;£rom (aO) by sologtznp the . appropriata uoeiticieuts.‘”'”

7 We are going now to discusy the applicatxon oi (49) and (aﬂ) to a. feu 1{1,;:3a5 .
simple but instruutive. partlculJr sascs. S ' : : ‘




HYDRONAUTICS, Incorporated

2. The isolated source

The simplest casc conceivable is that of an isolated source beneath
a ftree-surface (Fig. 2a) representing, at second order, a body of semi-

infinite length with a parabolical blunt leading edge.

The wave resistance components, obtained from (49), (50) with n=1,
have the simple expressions

“aezeh)

1he wave resxstdnce oi (41) zs pivcn xu lxy. 2c hy u;in;,Ahowevér,the.wefeff
: _gowmon drag coeftieiont ' | R

.  n?]Q.5ﬁQ'%T6_=ﬂgnd}the'paramcter‘“T'/h{_§ftwr 

- llence, with -

-~ wehave -

V:I'f

- Yy 4257.--” e
VLu 7&@ :

nu""

: dh
2

bh'

'}!ls 3_. 2 2%3 hail“'ﬁ ) o

"*:9u-
. "Ihe first ord;r coefficient Ll- as function of “U/AIYT = 1V has the well-
: ;knoun shapo wlth a maxinum at U'3ith' -2 1he second ordor | rcSlStdncu -
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coefficients are ncgative, i.c. they always diminish the values c¢f the first

order drag. To illustrate the relative muguitude of the second order effect,
the ratio (;I/ ;
in Fig. 2. ror u'/JEKT'» « this ratio tends to zero like -8 and,

» which does not depend on , has also been rcprcsentcd

therefore t9L /t( + -8ht = -8e, MHence, 1/¢ = U'2/pT' has to be much larger
than 8 in order to enaure small nonlinear éffcct at hiph Froude numbers. For
N'/JEET > 0, c;l/c; + <2h i.e. tzf /t( + ~2ey and the nonlinear free-
surface correction becomes much luvger thdn the first order wave‘rcsistance
because of the free-surface effect.  In the intermediate range cﬁ’/cﬁ - grows
wonotonically (Fig, 2) ' ' - ' o

lznall). to estimate the relative import anco of the two nonlinear effects,
' ;hQ ratio “éibi &i“A= n“*‘/,é1 2 l‘bfu lle is nlco rcprc%cutod in Fig, 2. |
 For: U'lfgh- +w  this ratio temds to 3. s N!/»yh doereases Rl ls}“él_ tends e
'f'to infinity 11&; _ifh - Henee, in thc proaen& case, tﬁﬂ treo-snrtaue corroctioa

?Js aluays uuch laryer tuau the hody : rrngt;uu,f

Qz¥° ) kinn edg ~hnpu

ac.-.. PV Y

Silie, influrnuc oi the“iﬁ@; §§

. e stud; thv intluenne of thie \hapc a: the leading. edv@ e have
:2} ;uonsidered a scu;«tntinit; hodv ucnornted hy tvn %uu?ﬁe% of equnl strwngth
”'*:fand at eual ~panznzs. x @. _tj'ifgk_ﬂ ellﬂ uhn;,Aj' & (kw})l'@ (le. 2 )
) lhis di trihutiou Pep?@@vﬂt\ qnite uc;urﬁtesv a~hedgo whup@d ﬂ@&t. lt
V{turﬂ% aut, no&, tunt the gcueral dva& foraulac (4“3 and { 0) saaplsfy xu thxs
;4se and hgcone ~f;’t' e SRS s
' lu 1o R
-? - . B -
!& ), . }’ [@Sﬂ?k,- -
.J&l k=l

?ss‘ W%

P e £ 38 b
nost ) heese | oe
jel kel mul Jel kejel ‘k,' "‘k
l 10 S L I T
i
t

peosi e YOV Y cosevese ] (84) -
I Lol ,_ék,»‘wux j*1 Lujo} ko _;k_ - _
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- 7 1910 109 10
Ils -3 ] . S .
S R I J ocost, » ) T T (13 cose , -k3 sing ) =
jsrdsl A% ey ey kejer IR EK R RS
- ; 10 10 ‘ : )
-y Py ] - .2
= 10773 2e “h(lfz_ h ) } cost, + Ze 2“(1+2Q 2y, ©(55)
1009 10 'h "Zh 109 10 |
. Z § I cosz‘kuoaz)k “(1-2¢ ) Z ﬁ X sznz 51“£3L}

nel j=l k=il - & S el b

by, I“’/ 3 and pti8/e3 have heen computed as tunction of h for -
‘a.luxffor&ut rataoa betuecn the fore badv length and thc suhnergonce dcp:h (L'/h')

ln Fig, 2¢ ue yxvv the rosults. avaxn in terms of .

: € " n'/ﬂ 5ou'31 =
Re o '

iij}‘- Tyt t-L“ Cand t o= 1'ih fox LR =9 anud L'/k' « 4.5, the flrat o
";:;erder resistance coofficient - (l dropa ﬁnrkedly as the . ra:io L/ 1narease;.»*if‘;‘_
:1tor h’l-gh' > % the curvus becore very elose, hvaause the ratxo betugen . the FE o

- length of the ?ree naves A' § uh'ﬁfg and the length of the: fore bedy 1 »iSiﬂrﬂ'" '

'i,larger than 2w ?er the lareﬂat &' &@ﬁbi@h?&d , At snﬁl%er }aeudo nnahers.

”»f §huh@¥Qr; the ihzerrereuue ctfe;ta arv &anifest._i,_jg'uf“~ -

7 A Bore: anterestxng peing is Bat. vulatei 6 tae inahucﬁcc af thv{ﬁngr@ds
:’oﬂ the ratxo iu i{h tli&. s}. Aaxcepthn& icr laayo (h'ianh' > 3) or uaall
ﬂ;(P'/wgh' 0 *) !roﬁde nuabcrs,_thc velatixe non!xrenr ottuut is :anlier :or L
" Eiiﬂé shapes. as% @uch ns nal? of that of the-blnﬁ' st - (?or Bt ). For. _1fl.
":ftue latter case /t s alwost eenstnnt fo¢ ;. i’!&u' L 3 7 aad apprasi»l;?

'”5{,mnﬂycmultou?h_

binaily th@ insnﬂsé has little lni*ueu@o on the rntio ' l‘sanxxb"

”‘1,(ii . «c)_uhigu'rquaius lfrﬁeg_ﬁffV&?ﬁﬁﬁiVL'ﬂf the shape ot-the;laniug sds¢?"
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4. Interference effects: the source-sink body

We consider now a body generated by a source and a sink (Fig. 3a), f
~ which is the simplest case of a closed body.

Using again the peneral expression of the drag ((49,(50)) with €y = £y
€, = -¢ apd & 5 = L we obtain in this case ' :

G TR A 1:
1 -
b = oee 2 (l-u@a l) 50)
R '-__: NI
n_ = _9 !-.J (i CO\ l) + ll‘(l"kﬁs !)I | ) ) (‘)7) ‘

E q’}s gfgeie'*{zAfgxn ;»zc53§;u-;, {1 -cos z)~i1,(z-ua, 1)K i 1) (gs)_

",the difterent e@effieieﬂts hv=n9 gl vgn h\ i:&} {”4) and 63?1 ( }‘,'ﬁé.havo
‘selected an eauﬁpla uxtb 'L* ' *nh ' canxi;teut hlth ;0n%§ue¥ing eleﬁgaté&

’ ‘1'_h0dies robénhliny‘ hxps. In this L b we e use the asvnptotxc cxpve~%£ons

fﬁiﬁ?t ,;;ra"d 3 (6J) nhtc; §999§"’9:5c;z ;ggd.a i%ﬂ) (4@; to ebtain f‘
: ﬂs;i_7 ;Zﬂ‘*u !bah ¥ *ﬁ | ‘3'.*7';;}'
' 'i~$"13':3>?H2§' 3;1-#3 ’L1;.~¥f1-»“
H 4fj§§;g'§35?17-~“'

*,‘th@sc t@eif&tnuﬂ!% ﬂcing relntﬁd to. ‘ho ant@;mviinﬁ unlh@en tv* lofaijdintﬁr#
ol _

' 1:ihqn;es‘ imly teens ot order L4 i’nhi l v targer have e rataia;u in
| -;(38) o plot the daif@$cnt &rag encwanvut we: have usvd tse wove fusiliar

' 'diaﬁﬁsi0hchs pariuetcri {l =z U'iw“"h. ‘aud ti » 1‘!" {:i,nthit&i&-ruprn- o

¥

'f}scntatxon wie hnvo

R )

"?1; 1i$§jl:ff;;;j.i1
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" where
STt
- %T.hnl = 20m0t
LR
I : . (61)
: e‘f_;(£7)2 hZU[I = 4oon2p’? ‘

i:ing an oscxllatory charactera, I1ke 1n the A;“J
;maller than- the;free surface second

order correctlvn‘ lor sutflczvntiy?l gh lroudc numbers (U'/»vb' > O.S)I‘ﬁ_A
IP is roughly 0. RN n.sill , wh;le For' 4!, T :.40 3. its-relative

l. ‘L W :
magnitude becomes oven qmallcr. orecvc o the ratio ‘L'/h = 20 cons1dered’
b S S

;the terms in B 12, /\ (.12, ‘12°

:'f" ',fﬁvfg "kare,the local werms in - (37) and ( 8); i, w
' aro. small Lempared with the other terms aud,tor the.sakc of the analysis, DIIb -
a"d may be Apnroximated for 0 15 S H'/JLLK 1;034§;wby '

‘. PR

’-ﬁh

*&ﬂfg.fvéae‘h}?icp; L(lfcbsﬂh) .- ¢%4¢™""cos L(1-cos L)
3e ““ X (1»065 PR e34 ’(1+ Zh)cos L(1-cos. D}
nenua 'n‘ 156 'u&citlates like I-cos L white DU and MY ponave

R 11ke' cos: L(l Co$ b) As. a reeult,tho ‘second order correction tends to

'ijthe pouk ot t!: rcsxatanrc curve ior W VgLt = 0. 32 the ratio’ /D is
' 'f order 4”(1 /l ) and thxa ratio frows as tho Froude mumber decreasoes.

_ ‘\ike in thc cise 01 t&e acmi infinite bady, the free-surface” sucond order -
Vﬁtﬁffﬂtt ¢euomex unhounduu:y sarpur than the first ordar drag tor U'/JLL 0,

‘the uomiuant ;etm ln IaS) buing" % c -2h o h. .

'"*ahnrpen‘:hg peak $ 0l the rcsx%tancc Lurve and to- make the hollows wider. Atifif;;l-
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V. DISCUSSION OF:RESULTS>AND CONCLUSIONS L
Although an useful closed solution for_the nonlinear wave reéiétanqe in ﬁ:

- two-dimensions has been obtained, the main purpose of theﬁpresentnwork is. tO-"

fcorrectlon, and (11) at 'small [roude numbers the nonllnear effects bec e

‘ large and the ba51c expansion of the veloc1ty fi ld 15 31ngu1ar.

- 1he results dep1cted in Ilg 2 s&em at first glance. of limited 1nterest,, »T
i:“because they~ap)1y to open hodxes, But ‘there are indications that due to" -
- viscous® effccts the stemwaves of ‘ships. are smaller than those predicted by
- the sink dlstrlbutton representing tho geometry in the linearized theory. Such
an assumptlon is tdntamount to’ con31der1ng Ary open body so far as wave re51stanc§
is "concerned. ;ilhe results of !L? w2 may.,’ theretore, ‘have some bearing on thie :
"par; of the wave rcs&stanne aqsocxdteu with the bow waves. Tt suggests‘that. ;'

(1‘ tho*ﬂunlrneav wavegresistange xs sm_“ler than the. flrst order drag, “and

'L-l~1s tne fore )odv'}cn th)‘w

_ The Lntcxterengv etfecfa thWCen the Ieadxng\und trailxng cdwes ,r :
f rof1ccted by the- “eault afhlxg.r.i .Hbvxmusly, thcse*cf{ects.will be largely
-}reduned if the trxxlin? cdhe is- 445dmed to-be et a‘flne qhupe or open_(to :?ﬁf
" account for wake, for’ lnbtdnCQ) o
cate that the resistance- pouks are gggmeu%q
>hollowa hecome wider. ;/j gi o

lho methud ubed in the prcscnt WLk mav

vorticity in two dlmﬂpﬂluns. A Astuhli«heﬁ A thtcrn whxcu‘ma‘ hc usefuL“in a
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‘VI. APPENDIX - The Properties of the Function w(3).

‘ ?he’functign ~m(§):= a{g,n) + 18(€,n) 1is defined by (13) as
o e T - ix )
: m(;): = e CE(ig). = T S-dn

fxn the A complex plane (Ilg. 4).. Another‘expréssiqn,?obtained byfthgichaqge;f

-lp

C‘.

om

e = -]
oL 0

- with the ‘o plane depicted in Fig.«4.'-
'iwA haé the fol}qwingaasymptopic‘expapsions;'
SR i | T o o
S e s e e )j»»---*»-.,),.» Sk 0) v (64)
S ' | S mel T o
‘and , _ 7
| DI (n1)1 B . | \
w = ] +u (c) S (& >=) - (65) - -
m=1  (ig)" ' L
- where w (8) = 2nie'lc for Re't » = and w, =0 for Re § =+ -» . The
‘series of (65) is divergent. ‘ o V

Herewith a few relationships used in the present work:

d) - . | -E‘.-iw*-&-- . - B (06)

and particularly

u(ﬁ-.n'): BERR R et o
o | Cen
S ) %‘é - ‘gr"i’“ﬁ'r s L

RO




.

2niett 4 w(-£ + iUQALA

s

N A o . = . I

. H'which leads tgi'f
“a(g,n) .= 2me" sing + a(-5,n)

L B(E,n) "= 2me" cos§ - B(-E,n) v

" " To compute a and B one may use the series.of (64) for “lz] <10
~vﬁ"pr series (65) for |z] » 10. In the latter case the series has to be truncated
&t 'm =N where N~ |z| ’ ’ '
A “w(y) is relatedAtQ‘the function."hl(;) tabulated by Abramowitz and
Stegun (1964) as .follows: S '

w(z) = e [ami - B (i) .
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© FIGURE 4 - THE A AND p PLANES,




